In psychoacoustics there is an increasing demand for more realistic testing environments that better capture the real-world abilities of listeners and their hearing devices. However, there are significant challenges involved in controlling the detectability of relevant target signals in realistic environments. We conducted an extensive detection study in a simulated real-world environment to understand some of the important dimensions influencing detection. A multi-talker cafeteria scene was generated using room simulation software and played back by means of a 3-D loudspeaker array. Detection thresholds for the target word "two" were measured adaptively for 8 different target directions in the horizontal plane. Performance was then measured for fixed signal-to-noise ratios around these thresholds to obtain a psychometric function for each direction. To examine the effect of target-location uncertainty, psychometric functions were also measured with randomized target directions. Detection thresholds depended on the target direction, consistent with changes in signal-to-noise ratio caused by the head shadow. Target-location uncertainty increased thresholds globally by a small amount. These findings provide a framework for controlling the detectability of target sounds in future experiments aimed at measuring localization, identification, awareness etc. in realistic listening environments.
INTRODUCTION
Auditory detection has mainly been measured using simple stimuli like tones in noise, noise in noise or speech in noise (e.g. Moore, 2003, Fastl and Zwicker, 2007) . Additionally these experiments have almost exclusively been conducted under very controlled conditions, e.g. in anechoic environments or using headphones. Signals in realistic environments however are usually non-stationary in time and often in location and are reverberant to varying degrees. No studies exist to this point that test signal detection under such circumstances.
There is an increasing trend for more realistic testing environments to be used in psychoacoustic studies of localization, identification, speech intelligibility and scene analysis (e.g. Balakrishnan and Freyman, 2008 , Buchholz et al., 2012 , Rychtáriková et al., 2009 ). The challenge in such studies however is to ensure audibility of target signals of interest. This is even more crucial in the testing of hearing impaired listeners and the analysis of the effects of hearing aids on spatial hearing (Minaar et al., 2010) . In terms of e.g. localization the impact of direction and uncertainty about location are particularly important.
Two experiments were conducted to characterize auditory detection using a virtual acoustic environment. The first experiment examined the influence of target location on detectability by measuring masked thresholds. In the second experiment, the influence of uncertainty about the target location on these masked thresholds was examined.
METHODS

Subjects
In total 9 subjects participated in the study, 5 female and 4 male. Their age ranged from 15 to 39 with an average age of 29.3 years. All subjects had hearing thresholds of less than 20 dB in octave bands up to 8 kHz. Written consent to participate in the study was given by all participants.
Setup
Subjects were seated in the center of a spherical loudspeaker array located in an anechoic chamber at the National Acoustic Laboratories (NAL) in Chatswood, Australia. This array consists of 41 Tannoy V8 loudspeakers that are arranged in horizontal rings covering the surface of a sphere with a radius of 1.8 m. In the center of the array a chair is placed that can be adjusted such that the head of the subject is located exactly at the center of the sphere. Stimuli are played back by a PC with a RME MADI soundcard that is connected to two RME M-32 D/A converters. The output signal of the converters is then fed to 11 4-channel Yamaha XM4180 amplifiers.
Stimuli
A noisy, reverberant cafeteria was chosen as a good representation of a challenging everyday situation. To create a spatial impression as realistic as possible using the loudspeaker array at NAL, room impulse responses (RIRs) were first generated using room acoustics simulation software (ODEON) and then auralized.
In ODEON (Rindel, 2000) , a big room with reflective walls, floor and ceiling containing twelve tables with six chairs each was simulated (see fig. 1 ), resulting in a reverberation time of RT 30 ≈ 0.5 s. To avoid unwanted symmetry effects, i.e. limiting the perception of coloration, the position of the listener within the room was chosen to be slightly off the center on both axes. For The resulting RIRs were auralized using the LoRA toolbox . This toolbox divides the RIRs into different parts containing the direct sound, the specular early reflections (up to order 3) and the diffuse part. The direct sound and specular early reflections are assigned to the loudspeaker whose direction in the array with respect to the look direction of the subject is the closest to the direction of that respective sound wave with respect to the look direction of the listener in the simulated room. The reverberant part of each RIR is realized by multiplying directional energy envelopes with noise that is uncorrelated across loudspeakers. Finally 41 filters are obtained for each RIR, each filter mapping the RIR to one loudspeaker in the array.
An anechoic recording of a female speaker saying the word "two" was chosen as the target. This number was chosen for its brief duration, broadband content, and to allow comparison with previous studies (Best et al., 2011) . The masker was composed of anechoic recordings of seven staged conversations between two persons. The target and masker signals were then convolved with the RIRs corresponding to their positions in the simulated room and auralized as described above, resulting in eight target signals (one for each target position) and the masker signal containing the superpositions of all seven conversations, with each signal having 41 channels.
For calibration purposes the masker signal was played back via the loudspeaker array. Using a sound level meter, the average sound level of the masker in the center of the array was adjusted to a root mean square (RMS) value of 65 dB SPL. The signal power of the average over time of the calibrated masker and the different target signals was then calculated and the target signal level adjusted to obtain the desired signal-to-noise ratios (SNRs).
Procedure
Subjects were told to face the front (0 • ) at all times. Two different detection experiments were conducted in which a three-alternative forced-choice (3-AFC) task was applied. The subjects had to decide in which one of three intervals the target stimulus was played. For this purpose, subjects were provided with a graphical user interface (GUI) that was presented to them on an iPad that was connected to the measurement PC in the control room of the anechoic chamber as a secondary display via a wireless network (using the xDisplay app for iPad). The GUI contained 3 buttons, one for each interval. The subjects were required to start the experiment themselves, causing the three minute long masker to be played in a loop. During a trial the button corresponding to the active interval was coloured, then after the trial subjects pressed the button corresponding to the interval in which they detected the target stimulus. This would autmotically start the next trial after a short delay.
Experiment 1 used a 1-up 2-down staircase method (tracking 70.7% correct (Levitt, 1971) ) starting with an SNR of 5 dB and a step size of 4 dB. These values were chosen to ensure target audibility in the first trial and a fast approach of the threshold. After the first reversal, the step size was decreased to 2 dB and after eight reversals the track was terminated and the masked threshold was determined as the mean value of the SNR at the eight reversal points. This procedure was repeated for eight target positions seperated by 45
• on a circle with 2 m radius around the listener (see fig. 1 ).
For experiment 2, five SNRs were selected relative to the individual masked thresholds measured in experiment 1 and for each source position seperately. Two different conditions were measured, in condition 1 the target location and SNR were varied randomly from trial to trial, FIGURE 3: Masked thresholds as a function of source direction averaged over all subjects. Error bars show one standard deviation of the mean and in condition 2 the target location was constant over a block of trials and indicated to the subject via the GUI. For condition 1, SNR values of −3, 0, 3, 6 and 9 dB relative to the individual threshold were selected and for condition 2, the chosen SNR values were 0, ±3 and ±6 dB. Each SNR was tested 10 times, resulting in 50 trials for each target location and 400 trials for each condition. The subjects needed approximately 75 minutes to complete experiment 1 and 180 minutes to complete experiment 2 but they were able to, and encouraged to, take breaks in between. Fig. 3 shows the mean masked thresholds measured with the adaptive procedure as a function of target stimulus direction. The masked thresholds showed a considerable dependency on the target direction, ranging from −10.3 dB SNR for the target located at 45
RESULTS
Experiment 1
• to −1.5 dB SNR for the target located at 180
• , resulting in a range of 8.8 dB. Thresholds for frontal sources were on average 3 dB higher than the minimum, but lower than thresholds for sources at any point in the posterior hemisphere (i.e. between −135 • and 135 • ). Overall, the masked thresholds were very symmetric around the sagittal plane. The standard deviation across listeners (shown by error bars) was the smallest for sources from the front (1.1 dB at 0 • ) and the largest for sources in the back (2, 2, and 2.1 dB at 135
• , 180
• and −135 • respectively). Fig. 4 shows the psychometric functions for conditions 1 and 2, averaged over all target locations and subjects. The raw data (shown by circles and crosses) were fitted with a logistic sigmoid function using the psignift toolbox for MATLAB (Fründ et al., 2011) . Before averaging, the functions were normalized to the masked thresholds (for every subject and every source position seperately) measured in experiment 1. Therefore the abscissa in fig. 4 shows SNR values relative to the masked thresholds (MT ≡ 0 dB) instead of absolute SNR values. The psychometric functions have the same slope for both conditions, but the curve for the random target location condition is shifted slightly towards higher SNR values compared to the curve for the condition with constant target location. In order to evaluate the influence of target location on the two conditions, scores for each target location were averaged across subjects and then fitted with a logistic sigmoid function as described above. For each target location the difference in the 70.7% threshold between the constant and random target conditions was calculated. • was the threshold lower in condition 2 than it was in condition 1 (by 1 dB).
Experiment 2
DISCUSSION
Detectability in a Realistic Environment
Experiment 1 was carried out as a basic study on signal detection in a realistic environment, in this case a reverberant cafeteria containing multiple talkers having different conversations at the same time. Masked thresholds were measured for different target locations in this room to map out target detectability as a funtion of direction. Across all of the measured directions masked thresholds varied by 8.8 dB SNR. This is notable considering that localization experiments are often conducted using similar if not the same SNR values for all directions. Since the multiple reverberant maskers created a very diffuse sound field, the dependency on the target direction is most likely explained by head shadow effects. However, target-masker interaction that may introduce informational masking cannot be rejected and a physical analysis of the ear signals is required for further investigation.
Effect of Uncertainty about Target Direction on Signal Detection
Compared to the effect of target direction, the measured effect of uncertainty about the target location was small. This is surprising given that previous studies of signal detection and identification in complex backgrounds (Bonino and Leibold, 2008 , Kidd Jr. et al., 2005 , Best et al., 2007 have shown considerable effects of spatial and temporal uncertainty.
A comparison of the results from experiments 1 and 2 allowed us to compare the adaptive and fixed-SNR methods for measuring masked detection thresholds. The 70.7%-point on the psychometric function for the constant target direction condition differed by less than 1 dB from the adaptive threshold measured in experiment 1, which suggests a good agreement between the two measurement methods.
CONCLUSIONS
The effect of target direction on signal detection is significant and should be accounted for in the design of psychoacoustic experiments that are conducted in similar environments. However, for the applied, rather diffuse, background scene this variation may be mainly due to head shadow effects and thus, may be predicted from a physical analysis of the ear signals. The impact of uncertainty about the target direction on the other hand is small and may be of little importance. However, this small uncertainty effect was significant and might be more relevant in other acoustic scenes. Future research should consider additional acoustic scenes and extend the approach to listeners with hearing loss.
